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Introduction

Aminoglycosides are an important class of antibiotics that are used for the treatment of serious infections caused by Gram-negative (e.g., Enterobacteriaceae, Acinetobacter, Pseudomonas) and several Gram-positive bacteria [START_REF] Krause | Aminoglycosides : An Overview[END_REF][START_REF] Edson | The Aminoglycosides[END_REF][START_REF] Kotra | Aminoglycosides: Perspectives on mechanisms of action and resistance and strategies to counter resistance[END_REF], despite their nephrotoxic and ototoxic side effects [START_REF] Walsh | Antibiotics: Actions, origins, resistance[END_REF][START_REF] Arya | Aminoglycoside Antibiotics: From Chemical Biology to Drug Discovery[END_REF][START_REF] Kudo | Aminoglycoside Antibiotics : New Insights into the Biosynthetic Machinery of Old Drugs[END_REF].

Aminoglycoside mechanism of action involves interference with protein synthesis. These antibiotics bind to the 30S ribosome subunit causing errors in translation, specifically on codon reading, leading to protein mistranslation [START_REF] Edson | The Aminoglycosides[END_REF][START_REF] Kotra | Aminoglycosides: Perspectives on mechanisms of action and resistance and strategies to counter resistance[END_REF]. Aminoglycoside producers are predominantly from the Actinomyces bacteria group. These antibiotics are constituted by highly functionalized amino-sugars and deoxysugars linked by glycosidic bonds to an aminocyclitol aglycone [START_REF] Kudo | Biosynthetic genes for aminoglycoside antibiotics[END_REF]. Most aminoglycosides have a 2deoxystreptamine (2-DOS) moiety as an aglycone, with different amino-sugars attached to the carbons 4 and 5 or 4 and 6 as in kanamycin, gentamicin, and neomycin [START_REF] Kudo | Chapter 20: Biosynthetic Enzymes for the Aminoglycosides Butirosin and Neomycin[END_REF].

In contrast to most aminoglycosides, butirosin is so far the unique member of this class of antibiotics which is not produced by actinomyces but from Bacillus circulans [START_REF] Howells | Butirosin, a new aminoglycosidic antibiotic complex: bacterial origin and some microbiological studies[END_REF]. Besides, butirosin has an unusual (S)-4-amino-2-hydroxybutyrate (AHBA) group attached to the C-1 amine of the 2-DOS moiety [START_REF] Dion | Butirosin, a new aminoglycosidic antibiotic complex: isolation and characterization[END_REF][START_REF] Kudo | Extended sequence and functional analysis of the butirosin biosynthetic gene cluster in Bacillus circulans SANK 72073[END_REF].

This peculiarity of butirosin is particularly interesting since the addition of AHBA to this position prevents the attack of several aminoglycosides modifying enzymes (AMEs), such as aminoglycoside N-acetyltransferases (AAC) [START_REF] Labby | Strategies to overcome the action of aminoglycoside-modifying enzymes for treating resistant bacterial infections[END_REF], which lead to aminoglycoside resistance. The AHBA moiety of butirosin also further inspired the semisynthesis of the blockbuster aminoglycoside amikacin, which has an AHBA group attached to the C-1 of 2-DOS aglycone of kanamycin [START_REF] Kawaguchi | BB-K8, A new semisynthetic aminoglycoside antibiotic[END_REF]. Among all available aminoglycosides, amikacin is one of the few that can overcome different AMEs mechanisms and, consequently, is one of the most used antibiotics of this class [START_REF] Ramirez | Amikacin: Uses, resistance, and prospects for inhibition[END_REF]. Hence, the understanding of the AHBA biosynthesis has strong relevance in the biotechnological process aiming to obtain new derivatives of aminoglycosides that overcome resistance mechanisms [START_REF] Llewellyn | Biosynthesis of 2-deoxystreptamine-containing aminoglycoside antibiotics[END_REF][START_REF] Llewellyn | Chemoenzymatic acylation of aminoglycoside antibiotics[END_REF].

The biosynthesis of the AHBA group was elucidated in the butirosin biosynthetic gene cluster (BGC), and the function of all involved enzymes was validated [START_REF] Li | Biosynthesis of the unique amino acid side chain of butirosin: Possible protective-group chemistry in an acyl carrier protein-mediated pathway[END_REF][START_REF] Llewellyn | Biosynthesis of Butirosin: Transfer and Deprotection of the Unique Amino Acid Side Chain[END_REF]. The seven genes responsible for producing this moiety (btrI, btrK, btrG, btrH, btrO, btrJ, and btrV) are exclusive to the butirosin gene cluster and its biosynthesis starts using L-glutamate as a precursor. This amino acid is further tethered to the peptidyl carrier protein (PCP) BtrI, which is successively decarboxylated, hydroxylated and transferred to the 2-DOS aglycone of ribostamycin to generate butirosin (Fig. 1). The decarboxylation reaction is catalyzed by BtrK converting the precursor γ-L-glutamate-S-BtrI to γ-aminobutyric acid (GABA)-S-BtrI. BtrK has also been proved to weakly decarboxylate free amino acids, including Lornithine, L-arginine, L-lysine, and diaminopimelate (DAP) [START_REF] Li | Biosynthesis of the unique amino acid side chain of butirosin: Possible protective-group chemistry in an acyl carrier protein-mediated pathway[END_REF]. Based on the sequence, BtrK is a type IV PLP-dependent decarboxylase that forms a Schiff-base with a conserved lysine in the protein's active site. Although the enzymes involved in the biosynthesis of AHBA have strong potential in synthetic biology, there is no structural analysis for any of them. Thus, to gain insights into the mechanism of the decarboxylation reaction during the biosynthesis of AHBA, we structurally characterized the holo-BtrK structure in complex with its coenzyme PLP and performed a docking simulation to obtain insights into the possible binding mode of the L-glutamate by itself and forming an external aldimine with PLP (O-S-γ-L-glutamylpantetheine-4′-phosphate).

Methods

Protein Expression and Purification of Recombinant BtrK

Construction of the btrK expression plasmid was previously described [START_REF] Li | Biosynthesis of the unique amino acid side chain of butirosin: Possible protective-group chemistry in an acyl carrier protein-mediated pathway[END_REF]. The btrK gene coding region was amplified by PCR from genomic DNA of Bacillus circulans NR3312 and cloned into pET-28a(+) with six N-terminal His-tag. BL21(DE3) Rosetta cells were transformed with the expression plasmid and grown in LB media at 37°C until OD600nm reached 0.6 with kanamycin selection (50 µg/ml).

For protein overexpression, the cells were induced by the addition of isopropyl-β-D-1thiogalactopyranoside (IPTG) 0.2 mM and the growth was continued at 16°C overnight. Cells were harvested by centrifugation at 4186 g for 15 min at 4°C.

For purification, the cells were resuspended in 80 mL of binding buffer (20 mM Tris-HCl pH 7.9, 500 mM NaCl, 5 mM imidazole, 10% glycerol) with the addition of 0.1 mg/mL of DNAse, 1 mg/mL of lysozyme and 1 mM of phenylmethylsulfonyl fluoride (PMSF). Cells were disrupted by sonication and the solution was centrifuged at 39000 g for 1 hour to remove cell debris. His6-tag BtrK was purified by His-tag affinity using a Ni 2+ -NTA column. The elution was carried out in an HPLC Äkta system using a gradient with the elution buffer (20 mM Tris-HCl pH 7.9, 500 mM NaCl, 500 mM imidazole, 10% glycerol). BtrK was further purified by gel filtration using a Superdex 16/600 75 pg column (GE Healthcare Life Science). The fractions containing the protein were harvested and concentrated up to approximately 10 mg/mL. The protein was stored in a buffer consisting of 100 mM MOPS, 5% glycerol at pH 7.0 for crystallization experiments.

Crystallization, Data Collection and Structure determination

Preliminary crystallization experiments were carried out using sitting-drop assays using 96 well plates containing different crystallization conditions (Hampton Research Corp.). Drops of 0.4 µL with a proportion of 1:1 of crystallization solution and protein solution at 10 mg/mL were prepared using an Oryx6 robot (Douglas Instruments Ltd.) and maintained at 20°C. After obtaining hits, crystals were optimized by hanging-drop experiments carried out manually using 24-well Linbro plates at 20°C. The best rectangular and square prismatic crystals were obtained in a condition constituted of 14% PEG 400, 100 mM MES pH 6.5 and 200 mM MgCl2. For data collection, crystals were fished out using nylon loops (Hampton Research), cryoprotected in a condition composed of 30% ethylene glycol and 70%

well solution and subsequently frozen using liquid nitrogen.

were processed using XDS [19] and scaled using AIMLESS [START_REF] Evans | Scaling and assessment of data quality[END_REF] from CCP4i [START_REF] Winn | Overview of the CCP4 suite and current developments[END_REF].

The structure of BtrK in complex with PLP was solved by molecular replacement using Phaser [START_REF] Mccoy | Phaser crystallographic software[END_REF] from Phenix suite [START_REF] Afonine | Towards automated crystallographic structure refinement with phenix.refine[END_REF] and the PDB entry 2J66 [START_REF] Popovic | Structural Characterisation of BtrK Decarboxylase from Bacillus Circulans Butirosin Biosynthesis[END_REF] as a search model. The model refinement was performed using Phenix.refine [START_REF] Afonine | Towards automated crystallographic structure refinement with phenix.refine[END_REF]. The inspection and manual construction of the models were carried out by Coot [START_REF] Emsley | Coot: model-building tools for molecular graphics[END_REF] using electronic density maps 2Fo-Fc and Fo-Fc. The crystallographic analysis was performed by monitoring Rfactor and Rfree values and the stereochemistry quality of the final models was assessed by the MolProbity [START_REF] Chen | MolProbity: all-atom structure validation for macromolecular crystallography[END_REF]. The final crystallographic structure was analyzed using Coot and the final figures were prepared using PyMOL (The PyMOL Molecular Graphics System, Schrödinger, LLC).

Molecular docking with alternative substrates

To evaluate the possible interaction between BtrK and the substrate, we performed docking simulations using the BtrK structure as a receptor and the L-glutamate as a ligand. In addition, we executed a simulation considering a short-truncated version of the external aldimine constituted of the L-glutamate tethered to the 4′-phosphopantetheine prosthetic group of the holo-BtrI in complex with PLP. With this purpose, the intermediate PLP-O-[S-γ-Lglutaylpantetheine-4′-phosphate]-serine was built and energy minimized using ChemDraw. Docking simulations were executed using AutoDock Vina Tools software [START_REF] Goodsell | Automated docking of substrates to proteins by simulated annealing[END_REF] and analyzed using PyMOL [START_REF] Seeliger | Ligand docking and binding site analysis with PyMOL and Autodock/Vina[END_REF]. Grid box characteristics were defined according to the PLP original position. The dimensions of the box were 20Å (x), 20Å (y) and 20Å (z); and the coordinates -3(x), 270(y) and -35(z).

Results and discussion

The overall structure of BtrK

Crystals for BtrK in complex with PLP have diffracted up to 1.4 Å resolution and they belong to the space group P21212. The structure of BtrK-PLP was solved by molecular replacement and the refined structure has a final Rwork of 17.8% and Rfree of 19.5%. The final model has 3648 non-hydrogen atoms and the region between the residues 312 to 317 was not modeled because of the absence or weak electron density indicating high flexibility. Further crystallographic and refinement statistics of BtrK-PLP are summarized in Tables 1 and2. Attempts to obtain the structure in complex with the alternative substrates L-arginine and L-ornithine were performed, but we did not observe the corresponding electron density in the active site. [START_REF] Li | Biosynthesis of the unique amino acid side chain of butirosin: Possible protective-group chemistry in an acyl carrier protein-mediated pathway[END_REF] reported that the activity of BtrK over free amino acids is very low and consequently their affinity should be weak, suggesting that the glutamate tethered to the BtrI plays an important role for BtrK catalysis.

The overall folding of BtrK confirms that this enzyme belongs to the type IV PLP-dependent decarboxylases and has an N-terminal domain consisting of an 8-fold α/β-barrel and a C-terminal βsandwich Greek key motif domain (Fig. 2A). The α/β-barrel opens with an α-helix instead of a β-strand such as classic TIM barrels. In proteins with this folding, PLP is located in the C-terminal of the α/βbarrel, at the domain interface. Despite the asymmetric unit of BtrK crystal having a single protomer, a homodimer with a head-to-tail arrangement can also be obtained using symmetry operations. In this arrangement, the α/β-barrel of one monomer interacts with the β-sandwich domain of the adjacent protein molecule (Fig. 2B). The homodimer quaternary structure was also confirmed by analytical gel filtration analysis (data not shown). The dimerization surface interaction has an area of about 3450Å according to the webserver PDBePISa [START_REF] Krissinel | Inference of Macromolecular Assemblies from Crystalline State[END_REF] indicating a tight interaction between the subunits. The dimer is predominantly stabilized by hydrophobic interactions between the two subunits, although there are also some hydrogen interactions (31 in total) and 4 ionic interactions, according to PDBSum [START_REF] Laskowski | PDBsum: Structural summaries of PDB entries[END_REF].

Analysis of the electrostatic potential surface of BtrK monomer indicates the coexistence of positive and negative charges, but the active site pocket has a predominance of electropositive charges in the most exposed region and negative charges in the most buried regions (Fig. S1A). Additionally, according to the hydrophobicity model of the protein in the YRB (yellow, red, blue) model [START_REF] Hagemans | A script to highlight hydrophobicity and charge on protein surfaces[END_REF], the center of the β-sheet of the α/β-barrel is predominantly hydrophobic (Fig. S1B), as expected, and that should be crucial for the protein oligomerization.

Structure and sequence comparison to other type IV-PLP dependent enzymes

A search performed on the DALI database returned several diaminopimelic acid decarboxylases (DAPDC) as the most similar structure, sharing about 30-20% of amino acid sequence similarities.

These enzymes belong to the type IV PLP-dependent decarboxylase family and they share r.m.s.d.

values of about 1.2 to 1.4 Å . The superposition of BtrK (PDB code 7ru7) with other DAPDC including the Helicobacter pylori DAPDC (HpDAPDC; PDB code 2qgh) [START_REF] Hu | The catalytic intermediate stabilized by a "down" active site loop for diaminopimelate decarboxylase from Helicobacter pylori: Enzymatic characterization with crystal structure analysis[END_REF], Aquifex aeolicus DAPDC (AaDAPDC; PDB code 2p3e) (data not published), Methanococcus jannaschii DAPDC (MjDAPDC; PDB code 1twi) [START_REF] Ray | Cocrystal Structures of Diaminopimelate Decarboxylase[END_REF], and Staphylococcus aureus DAPDC (SaDAPDC; PDB code 6kni) [START_REF] Tang | Structural Insights into Substrate Recognition and Activity Regulation of the Key Decarboxylase SbnH in Staphyloferrin B Biosynthesis[END_REF] indicates that the overall folding is conserved (Fig. 3A). The most prominent differences are observed in the active site loop near the active site (Fig. 3B). As described previously for other members of the DAPDC family, the active site loop is the most diverse region among these enzymes [START_REF] Hu | The catalytic intermediate stabilized by a "down" active site loop for diaminopimelate decarboxylase from Helicobacter pylori: Enzymatic characterization with crystal structure analysis[END_REF].

In BtrK, the active site loop creates a ceiling for the active site and should act as a lid on the substrate binding. It could have a key function in the anchoring of BtrI-glutamate substrate in the active site cavity. Different from the other DAPDCs, BtrK active site loop (Asn140-Asp162) adopts an opener conformation that should reflect the absence of the substrate at the active site (Fig. S2A,B). This hypothesis is based on the superposition of these regions and on what was reported for the HpDAPDC, whose active site loop is in an engaged conformation that protects the ligand from the solvent bulk (Fig. S2A,C) [START_REF] Hu | The catalytic intermediate stabilized by a "down" active site loop for diaminopimelate decarboxylase from Helicobacter pylori: Enzymatic characterization with crystal structure analysis[END_REF]. Besides, this loop could oscillate from an open to a closed conformation according to the absence or presence of the substrate respectively. The loops from the HpDAPDC and MjDAPDC also form α-helix that might contribute to the active site architecture formation and stability (Fig. 3B and Fig. S2C,D). On the other hand, in the absence of substrate, the active site loop can also be highly flexible as observed for AaDAPDC and SaDAPDC, whose regions were not modeled because of the absence of electron density (Fig. S2E,F).

Furthermore, the "specificity element", generally described as a 310-helix, located at the back of the active site pocket [START_REF] Tang | Structural Insights into Substrate Recognition and Activity Regulation of the Key Decarboxylase SbnH in Staphyloferrin B Biosynthesis[END_REF], might also differ among different decarboxylases (Fig. 3C). In BtrK, this region was not fully modeled because of the absence of electron density. Still, we assume that it may adopt the same conformation as the other specificity elements from the DAPDC protein family, which means a regular α-helix. Due to the proximity of the specificity element to the PLP, different decarboxylases can act on substrates of various sizes and its amino acid sequence should determine the specificity of the interaction [START_REF] Lee | Phylogenetic diversity and the structural basis of substrate specificity in the β/α-barrel fold basic amino acid decarboxylases[END_REF].

A BLAST search using the amino acid sequence of BtrK was also performed and the most similar sequences are type IV PLP-dependent decarboxylases with unknown function or putative diaminopimelic decarboxylases from several species of Bacillus. However, although most of the sequences cover the full length of BtrK, the identity is only about 50-40%, suggesting that this enzyme should be quite specialized for its function in the AHBA biosynthesis and the anchoring of BtrI. A sequence alignment of BtrK with the other DAPDC was performed using ESPript 3.0 (https://espript.ibcp.fr) [START_REF] Robert | Deciphering key features in protein structures with the new ENDscript server[END_REF], which indicates that a number of sequential motifs are conserved (Fig. S3).

These include the KAN motif, in which the lysine residue performs a covalent interaction with the PLP; the glycine-rich region GGG which is involved in the interaction with the phosphate moiety of PLP and the GAYG motif. Interestingly, BtrK does not conserve the classic HIGS motif, which participates in the protonation and deprotonation reactions [START_REF] Gokulan | Crystal structure of Mycobacterium tuberculosis diaminopimelate decarboxylase, an essential enzyme in bacterial lysine biosynthesis[END_REF]. The histidine and serine of this motif are substituted for tyrosine and threonine, respectively. The EPGR motif also has a substitution in BtrK, in which the proline is replaced with a serine.

Using the ConSurf server [START_REF] Goldenberg | The ConSurf-DB: Pre-calculated evolutionary conservation profiles of protein structures[END_REF], it was possible to identify the conserved residues based on phylogenetic evolution between the homolog sequences. The α/β-barrel has a high conserved structure, particularly in the C-terminal region, where PLP is anchored (Fig. S4). In contrast, the α-helices are more flexible and it is expected that their amino acids are highly variable. The position of the catalytic amino acids residues is also conserved throughout evolution for optimal access to the substrate. The β-sandwich domain is also partially conserved, in which residues from the β-sheets of this motif seem to be highly similar in contrast to the residues from the α-helices that are much less conserved (Fig. S4).

The PLP binding site

The BtrK active site is located in a deep and large groove between the two protomers that form the homodimer, which is consistent with the anchoring of the BtrI-substrate. PLP is covalently bound to the conserved Lys49 via Schiff base forming an internal aldimine according to the electron density tracing (Fig. 4A,B). The PLP phosphate group forms hydrogen bonds with Tyr187 (2.8 Å), Thr190 (2.6 Å), Gly271 (2.9 Å), Arg272 (2.8 Å), and Tyr375 (2.6 Å) (Fig. 4A and Fig. S5). In addition, the PLP phosphate group also interacts via water molecules to other conserved amino acid residues, particularly Glu269, Arg272, and the Gly228. The PLP pyridine nitrogen interacts with the conserved Glu269 through ionic bonds. This interaction could contribute to maintaining the positive charge on the pyridine nitrogen and consequently, increment the electron withdrawing capacity of the ring, as reported for the ornithine decarboxylases (ODC) [START_REF] Grishin | X-ray structure of ornithine decarboxylase from Trypanosoma brucei: The native structure and the structure in complex with α difluoromethylornithine[END_REF][START_REF] Osterman | Acidic Residues Important for Substrate Binding and Cofactor Reactivity in Eukaryotic Ornithine Decarboxylase Identified by Alanine Scanning Mutagenesis[END_REF] . Although PLP is near to the interface of both protomers, each one of the PLPs from the dimer has a predominance of hydrogen interactions with residues of one subunit protomers. However, Cys346 from the adjacent protomer is a nearby residue that should play a role in the catalytic mechanism of the enzyme (Fig. 4A). Cys346 is conserved among several decarboxylases and should be involved in the correct protonation of the Cα from the intermediate during the decarboxylation reaction [START_REF] Jackson | Altering the reaction specificity of eukaryotic ornithine decarboxylase[END_REF]. Furthermore, the analysis of the electrostatic potential of the active site indicated that the PLP phosphate group is located on a negative charge region while the pyrimidine moiety of PLP is surrounded by a predominance of positive charges (Fig. 4C).

The PLP pyridine ring performs a π-π stacking interaction at the si face with the hydroxyphenyl side chain of Tyr187 (Fig. 4B) rather than with a histidine which is a very well conserved residue of HIGS motif from other DAPDCs (Fig. 5) [START_REF] Gokulan | Crystal structure of Mycobacterium tuberculosis diaminopimelate decarboxylase, an essential enzyme in bacterial lysine biosynthesis[END_REF]. This conserved histidine has an important role in the decarboxylation process since it stabilizes the PLP and helps to orientate the Cα-C ligation near to the π-system to be subsequently cleaved [START_REF] Ni | Hyperconjugation promoted by hydrogen bonding between His98/His241 and a carboxyl group contributes to tyrosine decarboxylase catalysis[END_REF]. Generally, phenylalanine, tyrosine and tryptophan residues have stronger interactions with 6-membered rings while histidine performs a more stable interaction with 5-membered rings [START_REF] Brylinski | Aromatic interactions at the ligand-protein interface: Implications for the development of docking scoring functions[END_REF]. Consequently, this amino acid substitution could help the PLP to anchor at the BtrK active site on a more stable interaction than those in other similar decarboxylases.

Substrate binding site and binding mode

In order to predict the binding mode of BtrK substrate in the active site, we have performed a molecular docking simulation using the glutamate itself and the hypothetical external aldimine of BtrK intermediate, PLP-O-[S-γ-Lglutaylpantetheine-4′-phosphate]serine (a longer truncated version of the substrate, in which the glutamate is tethered to the coenzyme A and covalently linked to PLP) (Fig.

6A).

According to the electrostatic potential, the active site should be more favorable to the binding of substrates with negative charges as L-glutamate (Fig. S6) and the holo-BtrI prosthetic arm should be more exposed and located in a cavity with mainly positive and neutral charges.

The PLP moiety of the docked external aldimine is in a similar position to that from the BtrK crystal structure, but a shift of about 2.3 Å, which affects the π-stacking interaction distance with the Tyr187 (Fig. 6B). The PLP phosphate group is interacting through hydrogen bonds with the Tyr375 and the Tyr187. As expected, the substrate performs a hydrogen interaction with the Cys346 that should be involved in its stabilization by the α-amino group of the L-glutamate and consequently would contribute to its decarboxylation. Thr190 might also contribute to stabilizing the substrate through the interaction with the α-carboxyl group of the L-glutamate. The 4-phosphopantetheine (4-PP) interacts with the Arg272 and Tyr320. Interestingly, in our holo-BtrK structure, we observed a polyethylene glycol (PEG) fragment (probably a crystallographic artifact) that should mimic the glutamate moiety of BtrI-Glu as both molecules bind exactly in the same position (Fig. 6B). When L-glutamate itself was docked into BtrK active site, we obtained the same interactions to those observed for the external aldimine, including

Cys346 from the adjacent subunit, as well as the polar bond with Thr190 (Fig. 6C). Consequently, the L-glutamate nitrogen is at a distance to react with PLP to form the external aldimine intermediate (Fig.

S7).

In addition, the BtrK substrate was predicted to bind in a similar position to the SaDAPDC substrate, the citryl-diaminoethane (citryl-Dae) when they are in the external aldimine form (Fig. 6D). We observed a shift about 2.3 Å between the C-5 of the pyridine rings from PLP, and the phosphate group moiety performs conserved interactions with Tyr375. The L-isomer substrate of SaDAPDC also interacts with the key active site cysteine (346 for BtrK) from the adjacent chain [START_REF] Tang | Structural Insights into Substrate Recognition and Activity Regulation of the Key Decarboxylase SbnH in Staphyloferrin B Biosynthesis[END_REF]. Arg272, which is conserved in both BtrK and SaDAPDC performs interactions with the oxygen from the pantothenate moiety of the external aldimine in BtrK while Arg269 from SaDAPDC only interacts with the PLP phosphate group.

Based on the conservation of active site residues and prediction of the binding mode of the substrate, BtrK should have a similar catalytic mechanism to other DAPDCs, in which the Cys346 from the adjacent subunit could play a key role in the Schiff base formation, carbonation protonation and finally the decarboxylation reaction. The other residues of the active site should contribute to modulating the positive and negative charges for catalysis, correct positioning of the substrate and stabilizing the external and the resting state of internal aldimine.

Conclusion

In summary, we described the structure of the holo-BtrK, a key decarboxylase involved in the biosynthesis of AHBA moiety of the aminoglycoside butirosin. BtrK has a similar structure to other type IV decarboxylases as DAPDC and ODC, despite its modest sequence similarity to other solved structures. The most prominent difference includes several regions of loops, especially the active site loop that might be involved in specialization for the anchoring of the substrate tethered to the BtrI.

Interestingly, the HIGS motif is not fully conserved in BtrK. Instead of the histidine, there is a tyrosine that forms a π-π system and also the serine of this motif is substituted by threonine that should contribute to stabilizing the PLP in the active site. In addition, the comparison between BtrK and other DAPDCs 

  indicates that it was obtained in an open conformation state that should reflect the absence of the substrate in the active site. The active site of BtrK is located in the interface of the two subunits and conserves most of the residues in comparison with other type IV decarboxylases. Based on the binding mode of PLP and in a docking simulation using the L-glutamate and the hypothetical external aldimine PLP-O-[S-γ-Lglutaylpantetheine-4′-phosphate]serine as ligand, we observe that the mechanism of catalysis of BtrK could be similar to other DAPDC or ODC, which involves the conserved cysteine residue that acts as a general basis. To our knowledge, this is the first structural description of an enzyme involved in the biosynthesis of AHBA from the butirosin pathway. The better understanding of the butirosin biosynthesis might create opportunities for biosynthetic manipulation to produce new derivatives of aminoglycosides.
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 2 Fig 1. Biosynthesis of AHBA in butirosin B. The respective enzymes at each step are in pink and the PCP (BtrI) is in blue. The 2-DOS ring is in red.
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 345 Fig. 3. (A) Superposition of BtrK and the closest DAPDC homologs. BtrK (PDB 7ru7) is in pink; HpDAPDC (PDB 2qgh) is in cyan; AaDAPDC (PDB 2p3e) is in wheat; SaDAPDC (PDB 6kni) is in white; and MjDAPDC (PDB 1twi) is in grey. (B) A closer view of the active site loop superposition. (C) A closer view of the specificity element superposition.
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 6 Fig. 6. Docking of PLP-O-[S-γ-Lglutaylpantetheine-4'-phosphate]serine into BtrK active site. (A) Representation of the truncated substrate or external aldimine identified by different colors. (B) Possible external aldimine formation of the BtrK decarboxylation reaction. Polar bonds are represented in grey dashed lines. The PLP (green) and the PEG (grey) are found with a certain degree of transparency, indicated by arrows. The PEG from the holo-BtrK is with its respective electron density map. (C) Superposition of the free L-glutamate (carbons in purple) and external aldimine (colored according to A) represented in sticks. Polar bonds between the BtrK and the free L-glutamate are in grey dashed lines; between BtrK and the external aldimine in light blue dashed lines. (D) Superposition of the BtrK and SaDAPDC structures and their respective substrates. BtrK and SaDAPDC residues are in green and grey lines, respectively. The PLP-citryl-Dae of the SaDAPDC is in grey sticks. Polar bonds between the BtrK and its substrate are in green dashed lines; between SaDAPDC and its substrate are in grey dashed lines.

Table 2

 2 Structure solution and refinement for BtrK-PLPValues for the outer shell are given in parentheses.

	PDB entry	7RU7
	Resolution range (Å)	43.11 -1.40 (1.45 -1.40)
	Completeness (%)	99.89 (99.38)
	No. of reflections, working set	84753 (8305)
	No. of reflections, test set	4190 (407)
	Final Rcryst	0.178 (0.308)
	Final Rfree	0.195 (0.329)
	No. of non-H atoms	
	Protein	3648
	Ligand	22
	Water	343
	Total	3648
	R.m.s. deviations	
	Bonds (Å)	0.007
	Angles (°)	1.15
	Average B factors (Å 2 )	30.94
	Protein	30.08
	Ligand	28.85
	Water	39.27
	Ramachandran plot	
	Most favoured (%)	96.29
	Allowed (%)	3.47
	outliers	0.25
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